A reliable and simple differential pulse polarographic method is presented for the determination of the antimalarial artemisinin in Artemisia annua. The polarographic behaviour of artemisinin was examined in various buffer systems over the pH range 2-10. Artemisinin was irreversibly reduced at the dropping mercury electrode. In 0.1 M KH 2 PO 4 , pH 5.5, mixed with methanol (7:3; v/v), the differential pulse polarograms exhibited reproducible peaks at 0.0 V vs. Ag/AgCl and a plot of peak height against concentration of artemisinin was found to be linear over the range 6.4 x 10 -7 -3.2 x 10 -5 mol/L (R = 0.9998). The detection limit was calculated to be 58 ng/mL. The polarographic method was applied to the determination of the content of artemisinin in the traditional Chinese herbal drug Artemisia annua L. by using the standard addition method. The proposed DPP method is sensitive, precise and time-efficient and is, therefore, suitable for quantitative analysis of artemisinin in plant extracts.
Artemisinin, a sesquiterpene endoperoxide lactone isolated from the Chinese medicinal plant Artemisia annua [1] , is a potent anti-malarial drug for resistant strains of Plasmodium falciparum [2, 3] . In 1972 artemisinin, the main active substance, was isolated and in 1979 its structure was defined by X-ray analysis [4] . A. annua seems to be the unique natural source of artemisinin. The species offers a great variability in the concentration of artemisinin according to various factors such as plant origin, humidity, light, its stage of development and the cultivation conditions. Artemisinin production by A. annua is usually in the range of 0.01 -0.4%, but some clones produce over 1% of the dry weight [5, 6] . The highest concentration of artemisinin is found in the leaves (89% of the total); the concentration in green stems, buds, flowers and seeds is low [7, 8] . Moreover, the same plant leaves may contain different concentrations according to where they grow along the stem; significantly more artemisinin is found in the upper leaves (0.15%) than the middle and lower ones (0.09 -0.08%) [8] . The amount of artemisinin in A. annua is also influenced by the drying process. Ferreira et al. showed that the highest artemisinin yields were obtained with indoor air drying (0.13%) as compared to oven (0.10%) and freeze drying (0.02%). The time of air drying however, did not affect the concentration of artemisinin [9] . So, the content of artemisinin is influenced both by the collection and preparation of the samples.
Analysis of artemisinin in the plant is a challenging issue as the compound is thermo-labile, the concentration in the plant is low, and the intact molecule stains poorly because of the absence of either chromophoric or fluorophoric groups. Moreover, artemisinin is sensitive to acid and base treatment [10] , and other compounds in the crude plant extracts also interfere in its detection. Several analytical methods have been developed for the determination of artemisinin in the plant. All these techniques have been well adapted for the determination of artemisinin in a wide range of samples; however they have some limitations concerning chromatography and/or detection techniques. Thin layer chromatography (TLC) has been used to estimate the content of artemisinin in the plant, but because of the poor staining characteristics of the intact molecule and the interference of other constituents of the plant, this method is not very reliable [11, 12] . Using HPLC with UV detection, it is necessary to convert artemisinin, by pre/post column derivatization, into a UV active compound, which absorbs with a larger extinction coefficient at longer wavelengths [11, 13] . Other constituents in the extract interfere, however, with the derivatized compound at its absorption wavelength and therefore render these techniques unsatisfactory. Another option is a sensitive HPLC method with electrochemical detection (HPLC-EC) [7, 14] . With such a method, the mobile phase must be oxygen free before and during analysis. The instrument must also be completely free from oxygen, and all lines and junctions have to be airtight. This method was found to be very time-consuming because of these requirements. HPLC with ELSD (evaporating light scattering detector) [15] is not as sensitive, as its detection limit is 3 µg/mL. Furthermore, it is timeconsuming because the system has to be warmed up for 20-30 min prior to each run. When GC analyses are used, artemisinin can be only indirectly measured by detecting its degradation products, since artemisinin is a thermally unstable compound that cannot be determined without degradation. Sipahimalani et al. reported a GC method with FID for the detection and determination of artemisinin in plants and tissue cultures that involves indirect detection of two degradation products [16] . The detection limit was about 1 µg. However, in the presence of arteannuin B, a biosynthetic precursor of artemisinin, a complete separation between arteannuin B and one of the degradation products could not be achieved. Therefore, artemisinin was determined only on the basis of one degradation product. Also a GC/MS method for the analysis of artemisinin was developed in which artemisinin was partly measured as its pyrolysis products, but a peak of artemisinin itself was also present [17] . There are also other analytical methods that have been developed for the determination of artemisinin in the plant, but these methods are not so simple in comparison, and the equipment is rather expensive and may not be available in every laboratory [18] [19] [20] [21] .
The aim of our work is to develop and validate an analytical method for the determination of artemisinin in Artemisia annua L. The method ought to be time-efficient, accurate, simple and, therefore, suitable in routine work. Since artemisinin contains an endoperoxide (-O-O-) group that is electrochemically active, it can be reduced easily by using various electrodes [22, 23] . On the basis of these characteristics, the electrochemical behaviour of artemisinin was investigated at a mercury electrode in order to develop a differential pulse polarographic (DPP) method.
The DPP analyses have shown that artemisinin can be easily reduced at the dropping mercury electrode with one well-defined peak using various buffer systems (acetate buffer, ammonium sulphate, phosphate buffer and Britton Robinson buffer). The potential of the peak (Ep) is +0.02 V vs. Ag/AgCl and shifted slightly to negative potential from pH 2-l0 by an average value of 5 mV/pH. Furthermore, cyclic voltammetric (CV) studies were carried out by using the same buffer systems as described for DPP. These studies showed that the cyclic voltammetric behaviour of artemisinin is quite similar in all buffer systems. A typical cyclic voltammogram of artemisinin in phosphate buffer, pH 5.5, is given in Figure 1 . As can be seen, a very distinct cathodic peak appears for artemisinin at a potential of -0.05 V vs. Ag/AgCl. In anodic direction, however, no corresponding peak can be registered, which indicates that the electrode reaction is irreversible.
In order to develop an analytical method for the determination of artemisinin in A. annua, differential pulse polarography (DPP) was selected as one of the most sensitive amongst electrochemical procedures. For optimising the DPP method, acetate buffer (pH 3.5-5.5), phosphate buffer (pH 4-7), ammonium sulphate (pH 4-8), and BR buffer (pH 2-10) were tested as supporting electrolytes. The intensity of the peak current (Ip) of artemisinin was influenced both by the type of buffer system and the pH value in the Figure 2 , the peak current of artemisinin is highest by using phosphate buffer pH 5.5.
Due to the poor solubility of artemisinin in aqueous solution it was necessary to add a solvent as solubilizer to the buffer solution. For this reason MeOH and EtOH were tested at different ratios with phosphate buffer. It was observed that the peak current was reproducible with optimal sensitivity by using phosphate buffer at pH 5.5, mixed with methanol (7:3; v/v). Under optimised conditions, 0.1M KH 2 PO 4 , pH 5.5/methanol (7:3; v/v), strict linearity between peak height and concentration of artemisinin in a range of 0.18-9.00 µg/mL (6.4 x 10 -7 -3.2 x 10 -5 M) was observed. Typical differential pulse polarograms of artemisinin are shown in Figure 3 . Intra-day determination of the calibration line (measurement of 6 calibration curves on one day; 6 measuring points per curve) resulted in the following linear equation: Ip (µA) = 0.0989 x C (µg/mL) + 0.00048 (µA) with a correlation coefficient (R) of 0.9998 and a relative standard deviation of the slope of ± 2.38%. The detection limit (LOD) and the limit of quantitation (LOQ) were calculated according to the Analytical Methods Committee [24] and it was found that the LOD is 58 ng/ml and the LOQ 182 ng/ml. The developed DPP method was then validated according to ICH Guidelines Q2A and Q2B concerning precision, specificity, recovery studies and robustness. The precision of the polarographic method for the determination of artemisinin was tested on solutions with three different concentrations (0.5, 2.0 and 3.0 µg/mL) by means of the standard addition method. The results in Table 1 show that no In order to investigate the specificity of the analytical method in the presence of possible degradants, experiments with artemisinin under stress conditions (0.1N NaOH, 3N HCl and heat 150°C) were carried out. These experiments resulted in degradation products that gave no signals in the potential range +0.15 V to -0.35 V, and so have no influence on the determination of artemisinin. Stress conditions probably cause the break in the electrochemically active peroxide bridge of artemisinin [25] . Specificity was also studied in the presence of a similar plant matrix (A. vulgaris). The corresponding peak height of artemisinin was assessed and compared; there was no effect of the plant matrix on the determination of artemisinin. Recovery experiments were performed to investigate the accuracy [26] and precision of the polarographic method in matrix samples by spiking them with pure artemisinin (50, 100 and 150% of the target concentration). These studies resulted in a mean recovery rate of 98.3% for hybrid and 98.2% for wild plants, respectively, with a mean standard deviation lower than 3% (Table 2 ). Furthermore, no interferences from the other precursor in the plant were detected in the polarograms. These results indicate that the developed DPP method is suitable for the determination of artemisinin in A. annua. The robustness of the method was investigated by studying the influence of small variations of the supporting electrolyte and the effect of temperature on the determination of artemisinin. Additionally, stability tests on artemisinin solutions and of plant extracts were carried out. The small variations (5%) of the phosphate buffer solution concerning concentration, volume and pH are shown in Table 3 . The standard deviation (R.S.D.%) was calculated for each type of variation and was found to be less than 2.0%, which indicates robustness of the method. The influence of temperature was investigated (20-40 o C) with the result that the peak height increased by about 1% per 1 o C. However, when using a standard addition method, this effect has no influence on the determination of artemisinin. Thus the developed DPP method is suitable in all climate zones of the earth. Stability tests showed that pure artemisinin in methanol was stable at room temperature for about 3 days and at 4 o C for 2 weeks by using amber glass vials. Plant extracts (50% methanol) were stable at room temperature for 2 days.
After validation, the contemplated polarographic method was applied to the analysis of artemisinin in the traditional Chinese herbal drug A. annua. Sample preparation had to be optimized for the determination and several solvents, for example EtOH, light petroleum, n-hexane, toluene, CH 2 Cl 2 and CHCl 3 were investigated for the extraction of artemisinin. However, light petroleum (40-60 o C) was the most selective one and, therefore, considered to be the solvent of choice. As the extraction technique is particularly important for the quantitative analysis of artemisinin, exhaustive studies were carried out by performing extraction with a Soxhlet apparatus, by ultrasonic wave under reflux, and by simple refluxing by boiling for different times. The best results were obtained by extraction in an ultrasonic bath under reflux at 60 o C with light petroleum for 10 min. After evaporation of the light petroleum, 50% methanol was added to dissolve the residue, and the mixture was filtered in order to obtain a clear solution for polarographic analysis. On the basis of this procedure, four different A. annua L. plants were analysed for their content of artemisinin. Typical DP polarograms of the determination of artemisinin in a plant extract by using standard addition method are given in Figure 4 . From this figure it can be seen that there is no other interfering compound peak within this potential range, which is particularly suitable for analysis of artemisinin in A annua. The results of the analysis of different A. annua plants are summarized in Table 4 . As expected, a great variability in the concentration of artemisinin in the plants (0.05-1.5%) was observed. A calculated R.S.D. of less than 3% indicates that the DPP method is quite precise.
In conclusion, a simple differential pulse polarographic method has been developed for the determination of artemisinin in A. annua plants. The significant advantage of this DPP method is that artemisinin in the plant extract can be measured directly without any molecular breakdown (GC) and does not require any derivatization (HPLC/UV). After extraction, no preceding separation/preparation step is necessary; and the method is selective without being time-consuming. Furthermore, the developed DPP method is accurate, robust and not expensive. In addition, the relative standard deviation was found to be < 3.0%, which indicates that this method is reproducible and precise.
Experimental
Plant materials and chemicals: Artemisia annua L.
("wild") samples Ch. 030311("wild-1") and Ch. 199198 ("wild-2") were obtained from Phytax GmbH (Schlieren, Switzerland) and identified by Dr. Owi Nandi (Phytax GmbH, Schlieren, Switzerland).
A. vulgaris and A. annua ("wild-3") were obtained from a local drug store (Graz, Austria 
General procedure for DPP and CV measurements:
The appropriate buffer (10 mL) was transferred into the polarographic cell. After purging for 8 min with nitrogen for deoxygenation, the blank solution was determined by using the above described instrumental parameters. Then, a volume of 100 µL of the stock solution of artemisinin (0.3 mg/mL) for DPP and/or 250 µL for CV was added and then nitrogen was passed for another 30 s. The polarogramm and/or cyclic voltammogram was recorded and evaluated.
Calibration curves including linearity and range:
Phosphate buffer, pH 5.5/methanol (7:3; v/v) (10 mL) was transferred to a polarographic cell and purged for 8 min with nitrogen for deoxygenation. After the determination of the blank value, 6 aliquots (each 50 µL) of artemisinin stock solution were added successively and the cell was purged after each addition with nitrogen for another 30 s. The
